Single cell patterning holds important implications for biology, biochemistry, biotechnology, medicine, and bioinformatics. The challenge for single cell patterning is to produce small islands hosting only single cells and retaining their viability for a prolonged period of time. This study demonstrated a surface engineering approach that uses a covalently bound short peptide as a mediator to pattern cells with improved single cell adhesion and prolonged cellular viability on gold patterned SiO 2 substrates. The underlying hypothesis is that cell adhesion is regulated by the type, availability, and stability of effective cell adhesion peptides, and thus covalently bound short peptides would promote cell spreading and, thus, single cell adhesion and viability. The effectiveness of this approach and the underlying mechanism for the increased probability of single cell adhesion and prolonged cell viability by short peptides were studied by comparing cellular behavior of human umbilical cord vein endothelial cells on three model surfaces whose gold electrodes were immobilized with fibronectin, physically adsorbed Arg-Glu-Asp-Val-Tyr, and covalently bound Lys-Arg-Glu-Asp-Val-Tyr, respectively. The surface chemistry and binding properties were characterized by reflectance Fourier transform infrared spectroscopy. Both short peptides were superior to fibronectin in producing adhesion of only single cells, whereas the covalently bound peptide also reduced apoptosis and necrosis of adhered cells. Controlling cell spreading by peptide binding domains to regulate apoptosis and viability represents a fundamental mechanism in cell-materials interaction and provides an effective strategy in engineering arrays of single cells.
Introduction
The ability to position and probe single cells is of great interest in fundamental cell biology, cell-based biosensor technologies, medical diagnostics, and tissue engineering. [1] [2] [3] [4] [5] [6] The single-cell analysis is fundamental to comprehending many biological processes and mechanisms, as it reveals the response of each individual cell under stimulation. 7 Critical cell-to-cell differences are lost in averaged bulk cell measurements. 8 Patterning viable single cells on an addressable array of identical cell hosts (e.g., an array of microelectrodes with the same physical and chemical properties) would aid the statistical analysis of single cell behavior and cell-matrix interaction. 9 In practical applications, particularly for screening, detection, or sensing systems, microarrays of single cells allow for rapid and inexpensive analyses, require minimal sample volumes, and provide high throughput data acquisition and portability.
Micropatterning of living cells on substrates has experienced a rapid growth in recent years. A number of techniques have been developed to produce microscale cell patterns. Typical examples include microcontact printing, 10 microfluidic channels, 11-13 elastomeric stencils, 14 and elastomeric membranes. 15 These approaches typically utilize mechanical devices to deliver proteins/peptides to guide cell adhesion or directly deposit cells on a substrate of single material. 11, 12, [16] [17] [18] Despite the encouraging * To whom correspondence should be addressed. E-mail: mzhang@ u.washington.edu.
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(1) Chen, C. S.; Alonso, J. L.; Ostuni, E.; Whitesides, G. M.; Ingber, D. E. Cell shape provides global control of focal adhesion assembly. Biochem. Biophys. Res. Commun. 2003, 307 (2) advances made with these techniques, patterning single cells on an microarray and retaining their viability for a prolonged period of time remain as a challenge. Single cell patterning requires an area for cell adhesion at a size comparable to an individual cell which is typically 10-20 µm, to minimize the probability of a second cell attachment. However, adhesion sites of such small areas tend to suppress cell spread and thus are prone to causing cell death. It was reported that cells could be geometrically switched between growth and apoptosis. 19 Endothelial cells cultured on single islands coated with fibronectin spread and progressed through the cell cycle when the island area was larger than ∼40 µm × 40 µm but failed to extend and underwent apoptosis when cells were restricted to areas smaller than ∼20 µm × 20 µm.
Here we report on creating microarrays of human umbilical cord vein endothelial cells (HUVEC) on gold-patterned silicon oxide substrates using a covalently bound short peptide, LysArg-Glu-Asp-Val-Tyr (KREDVY), to mediate single cell adhesion and maintain cellular viability. To demonstrate the strength of this approach and elucidate the underlying mechanism, two control surfaces were prepared for comparison: one coated with fibronectin as an adhesive protein which is commonly used for receptor-mediated cell adhesion and another physically bound with a short peptide, Arg-Glu-Asp-Val-Tyr (REDVY).
This study is based on the hypothesis that cell spreading is dictated by the type, conformation, availability, and stability of effective cell adhesion peptides, and thus, covalently bound short peptides would provide an extracellular matrix with a large number of uniform and effective binding sites to promote cell spreading and, thus, single cell adhesion and viability on small islands (20 µm × 20 µm). The extracellular matrix (ECM) is known to play a regulatory role in cellular growth, differentiation, and apoptosis. A recent study showed that cell attachment and spreading are dictated by the balance of the availability of potential adhesion domains and cellular traction forces, 20 suggesting the important role of cytoskeletal tension in regulating cell spreading and thus the cell fate (apoptosis, differentiation, proliferation, etc) . In this regard, the apoptosis of cells on 20 µm × 20 µm coated with fibronectin might be caused by both geometry effect 19 and low binding efficiency of long-chain proteins, as long-chain proteins may not have an insufficient number and correct peptide orientation of binding sites to support cell spreading.
The endothelial cell was selected as a model cell in this study because it plays an important role in angiogenesis and tissue repair and has a broad range of applications in detection of bacteria, viruses, and toxins. [21] [22] [23] Endothelial cells serve as major barriers separating the blood from tissue compartments whose interaction with bacteria defines the course of invasive infections and inflammatory responses. 23 The surface immobilization of peptides/proteins was characterized by reflectance FTIR spectroscopy. Cell adhesion was studied by optical and confocal microscopes. Efficiency of signal cell patterning including single cell adhesion and coverage was quantified by examination of cells with DAPI stain. The cell viability over time (apoptosis and necrosis) was studied by apoptosis assay. Cells adhered on different substrates were immunochemically stained to identify cell-surface focal contacts for cell binding and cellular actin filaments for cell spreading.
Experimental Section
Materials. All of the materials and chemicals were used as received. 11-mercaptoundecanoic acid 95% (11-MUA), 3-mercaptopropionic acid 99% (3-MPA), N-hydroxysuccinimide 97% (NHS), 1-ethyl-3-(3-dimethylamino-propyl) Substrate Preparation. Four-inch p-type silicon substrates with (100) orientation were cleaned with piranha (hydrogen peroxide/ sulfuric acid 2:5 v/v) at 120°C for 10 min, dipped in HF, and rinsed with DI water thoroughly. A 1.1 µm layer of positive photoresist was then coated on the surface, and an array of 20 µm × 20 µm gold squares (electrodes) spaced 60 µm apart was patterned on silicon oxide substrates by conventional microfabrication as follows. A 10 nm layer of titanium (Ti) was then deposited onto the photoresistdeveloped substrates at a deposition rate of 0.3 Å/s. A gold film of 100 nm in thickness was subsequently deposited onto the Ti at a deposition rate of 5 Å/s. The photoresist was dissolved in acetone, and the remaining metal film was lifted off. After lift-off, the surfaces were exposed to buffered oxide etch (HF/NH4F 5:1 v/v) for 60 s. and rinsed with DI water to remove the native oxide on silicon regions, followed by oxidation under a dry oxygen flow for 6 h at 400°C, yielding a 60 Å oxide layer on the silicon regions. 24 The gold-patterned silicon wafers were cut into 8 mm × 8 mm slides. To minimize surface contaminants and scratches, the silicon wafers were coated with a 2 µm layer of photoresist on their polished sides before cutting.
Surface Modification. The surfaces were modified following a procedure established previously 24 with modifications. The protective photoresist layer on gold-patterned silicon oxide substrates was removed by sonication in acetone, then in ethanol, and finally in DI water. The substrates were then placed in Nanostrip 2X solution (H 2 SO 5 ) at room temperature for 20 min, and dried under nitrogen, which resulted in a hydroxyl layer on the silicon oxide surfaces. The gold patterned silicon oxide substrates were reacted with a 20 mM solution of alkane thiols of 11-mercaptoundecanoic acid (MUA) and 3-mercaptopropionic acid (MPA) (1:10 v/v) for 16 h to create a self-assembled monolayer (SAM) on gold squares. The use of the mixture of thiols is based on a previous study. 25 The substrates were then exposed to PEG solution containing 3 m-PEG-silane and 1% triethylamine as a catalyst in deoxygenated toluene to passivate silicon oxide. The PEG reaction proceeded at 60°C for 18 h in nitrogen-filled flasks that were pretreated with Sigmacote to minimize the side reaction of PEG with the flasks. The PEG-treated surfaces were cleaned by sonication in toluene and ethanol for 5 min each, followed by a rinse with DI water and drying under nitrogen. The substrates with a SAM of alkane thiol on gold and M-PEG-silane on silicon oxide were then immersed in an aqueous solution of 150 mM EDAC and 30 mM N-hydroxysuccinimide (NHS) for 30 min to attach the NHS group to the -COOH terminus of the SAMs. The substrates with NHS on gold and PEG on silicon oxide were sterilized with 70% ethanol for 15 min, and exposed to either fibronectin protein, REDV, or KREDVY peptide in a phosphate buffer solution (PBS, pH ) 8.2) at a concentration of 0.1 mg/mL. The reaction continued at room temperature for 1 h. To remove loosely bound moieties from the surface after each step of surface modification, the substrate was rinsed with its original solvent and DI water, respectively.
Surface Characterization by FTIR. Surfaces coated with fibronectin protein or peptides were characterized using a Nicolet Magna 760 Fourier transform infrared (FTIR) spectroscope equipped with a FT-85 grazing angle sample compartment. FTIR absorption spectra of 750 scans were acquired at a resolution of 8 cm -1 . The system was purged with dry air for 1 h before each data collection to remove water vapor in the sample compartment. Spectra analysis was performed using standard Nicolet and Origin software.
Cell Culture and Adhesion. HUVEC cells were cultured in EGM-2 medium supplemented with bovine brain extract (BBE), hydrocortisone, hFGF-B, VEGF, R3-IGF-1, ascorbic acid, heparin, FBS, hEGF, and GA-1000. The final serum concentration was 2%. Cells were seeded on culture flasks at passage 1, and the medium was changed after 24 h. At 70% confluency, cells were subcultured as follows. After aspiration from culture flasks, cells were rinsed with 2-3 mL of HEPES-BSS buffer solution for 3 times, followed by incubation with 2 mL of trypsin/EDTA solution. The trypsinization process continued until ∼90% of the cells were collected. After cells were released, the trypsin was neutralized in the flask with 4 mL of TNS, and the detached cells were transferred to a 15-mL sterile centrifuge tube. The harvested cells were centrifuged at 220 g for 5 min. Cells were diluted in growth medium. Cells at a concentration of 1.5 × 10 5 cells/mL were seeded on the substrates. The substrates were incubated for 18 h before fixation with a mixture of 2% glutaraldehyde and paraformaldehyde in phosphate buffer solution for optical microscopy and with 4% paraformaldehyde for fluorescence microscopy.
Cell Staining. Cells adhered on the substrates were fixed, permeabilized, and stained with Alexa Fluor 594 phalloidin dye for F-actin staining (red) and immunostained with monoclonal antivinculin-FITC (green) followed by cellular staining with 6-diamidino-2-phenyindole (DAPI, blue). Before fixation the substrates were washed with PBS to remove cell debris and loosely attached cells. Cells were fixed with 4% paraformaldehyde in PBS for 30 min at room temperature and permeabilized by treating cells with Triton X100 (0.1% in PBS) for 10 min. Following three washes with PBS, the samples were incubated for 30 min with a 1X blocking buffer solution (5% (w/v) of nonfat dry milk in PBS containing 0.1% Tween-20) for background passivation. The actual staining was done in two steps. First, the primary antibody against vinculin (anti vinculin-FITC) was diluted in blocking buffer following the manufacture's recommendations and treated with cells over night in dark at 4°C. Next, the samples were washed three times with blocking buffer before cells were exposed to a phalloidin-AlexaFluor546 for 1 h at RT. The samples were then washed with PBS three times and blown dry with air. A final treatment with gold anti-fade solution containing 6-diamidino-2-phenyindole (DAPI) stained cell nuclei and preserved the fluorescence of the samples for confocal microscopy.
Cell Viability Assay: Apoptosis and Necrosis. Vybrant apoptosis assay allows for the simultaneous visualization of viable, necrotic, and apoptotic cells on substrates. Necrosis results from direct cell damage; apoptosis is genetically programmed cell death in which cells effectively commit suicide. Green fluorescently labeled Annexin V protein (in the presence of calcium) specifically binds to the phosphatidylserine protein on membranes of apoptotic cells. Propidium iodide does not penetrate to either live or apoptotic cells, but rather stains nuclei of necrotic cells in red. Cell-patterned substrates were washed twice with cold PBS and placed in 500 µL of Annexin V binding buffer (10 mM HEPES, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4). The substrates were incubated with 100 µL of Annexin V and 2 µL of PI solution for 15 min at room temperature, washed twice with binding buffer, and imaged with a fluorescence microscope.
Results and Discussion
Immobilization and Characterization of Adhesion Protein and Peptides. Silicon oxide surfaces patterned with gold squares of 20 µm × 20 µm were chemically modified to activate the gold squares (to host cells) with a self-assembled monolayer (SAM) of carboxyl-terminated alkane thiols as described in the Experimental Section. The silicon oxide background was passivated with a PEG coating resistant to protein adsorption and cell adhesion. 24 The surface-modified substrates were then exposed to (a) fibronectin, (b) REDVY, or (c) KREDVY. This scenario is illustrated with one gold square in silicon oxide background shown in Figure 1 (left panel) . Fibronectin and KREDVY with lysine residues (K) containing primary -amino groups were covalently bound to the carboxylate-terminated SAM on the gold squares. This bonding was formed by activation of the terminal carboxylate group with an N-hydroxysuccinimide (NHS) ester intermediate, followed by the displacement of the NHS group by the lysine residues of proteins or peptides. 24 REDVY, without lysine residues, was physically adsorbed on the gold squares. These processes produced three patterned surfaces of different surface chemistries and cell binding natures, each with an array of cell adhesive sites (gold squares) on a nonadhesive background (passivated silicon oxide).
The surface chemistries and binding properties of the three surfaces were characterized by reflectance FTIR spectroscopy. Figure 1 (right panel) shows the IR spectra acquired from the surfaces coated with (a) SAM-NHS, (b) SAM-NHS-REDVY, (c) SAM-NHS-KREDVY, and (d) SAM-NHS-fibronectin. Spectrum a has characteristic bands at 1078, 1222, 1370, and 1741 cm -l , obtained from the surface modified with SAM-NHS, a monolayer on which the protein or peptides were further immobilized. The high-intensity band at 1741 cm -l is attributed to the asymmetric stretch of NHS carbonyls and indicates successful covalent binding of NHS with the underlying alkane thiol SAM. The amide I and amide II peaks in spectrum b indicate the presence of associated peptide bonds on the surface. Physical adsorption of REDVY on the surface is confirmed by the presence of unreacted NHS groups with spectrum bands corresponding to νas (CNC) and ν (NCO) of NHS at 1222 and 1078 cm -l that would be otherwise absent due to the chemical bonding. Successful covalent binding between the lysine residue of KREDVY and NHS monolayer is characterized by the presence of the amide I and amide II bands at 1653 and 1543 cm -l (spectrum c), the significant reduction of the intensity of carbonyl peak at 1741 cm -l as well as the absence of bands at 1078, 1222, and 1370 cm -l that correspond to NCO stretch, asymmetric CNC stretch, and symmetric CNC stretch of the NHS, respectively. However, the continued presence of a small peak at 1741 cm -l suggests the incomplete conversion of SAM carboxylic groups to amides. A comparable result was reported by Frey et al. wherein an NHS layer had to be reacted with polylysine residue three times to convert most of the carboxylic groups to amide groups. 26 Spectrum d, acquired from the fibronectin-modified surface, confirms the covalent interactions of fibronectin with NHS-SAM.
A full conversion of carboxylic groups to amides is characterized by the complete absence of peaks at 1741 and 1222 cm -l and the presence of strong amide I and amide II peaks. 27 The high intensities of amide I and amide II bands indicate a high density of peptides on the surface, presumably due to the large amount of peptides in fibronectin.
Cell Adhesion on Microarrays. To create microarrays of cell patterns, HUVEC cells were cultured on fibronectin or peptide modified substrates in standard culture media for 18 h. After cell culture, the cells were fixed and examined using differential interference contrast (DIC) reflectance optical microscopy. Both REDVY and KREDVY contain tetrapeptide REDV sequence specific to R4 1 receptors of HUVEC cells. 28 Fibronectin has at least two types of cell binding sequences for HUVEC: the Arg-Gly-Asp (RGD) that would bind to the R5 1 and Rv 3 integrin receptors, and the tetrapeptide REDV that would bind to R4 1 receptors. 28 When immobilized on the carboxylateterminated gold surfaces, these cell adhesion protein and peptides would exhibit different binding domain configurations as shown conceptually for a gold square in Figure 1 (left panel). Because fibronectins are long-chain molecules, they would bind to the surface with random orientation of RGD and REDV domains (a), whereas short-chain REDVY and KREDVY peptides would exhibit much more ordered distribution and/or orientation (b and c). Additionally, the KREDVY peptide would exhibit a more uniform molecular orientation as a result of its covalent bonding with the underlying SAM layer and thus provide more uniform binding domains. Figure 2 shows the optical images of HUVEC cells adhered on the gold squares modified with fibronectin (a), REDVY (b), and KREDVY (c), respectively. The cells were seen to adhere mainly on the sites of gold squares, indicating a high degree of cell selectivity for all three surfaces. The fibronectin-modified surface exhibited a pattern of multiple-cell binding on gold squares and slight nonspecific cell adhesion onto the silicon oxide background around the gold squares. This is not surprising in light of the multiple types of cell binding sequences and randomly oriented binding domains of long-chain fibronectin protein. Cell adhesion, the morphology of adhered cells, and the extent of cell spreading are dictated by the availability, conformation, and distribution of cell binding domains. When a cell approaches a gold square covered with fibronectin protein molecules, it is confronted with binding domains of different types and orientations. It is conceivable that only a portion of the surface-bound protein molecules and a portion of peptide sequences in those molecules are involved in the cell binding process, presumably those cell binding sequences in the molecules that are oriented roughly at the same direction. Thus, the "effective" binding domains on a gold square for the adhesion of this particular cell can be only a small fraction of those physically presented on the gold square. A large number of cell binding sequences in fibronectin does not necessarily result in a large number of effective binding domains, due to the molecules bound in a random orientation to the surface. 20 The spreading of the adhered cell over the gold square can also be hindered by the limited number of effective binding domains. Instead, the probability of binding a second cell to the same gold square is increased due to the availability of free binding domains of different types and orientations.
Cells attached on the surface coated with REDVY peptide exhibited a pattern with most of the gold squares hosting one cell ( Figure 2b ) but with apparently low cell coverage (the number of gold squares occupied by cells versus the total number of gold squares). In addition, the cells barely spread across the gold squares. Two possibilities may account for this low cell coverage, both because of the weak physical binding between the REDVY peptide molecules and underlying SAM-NHS layer: (1) the detachment of REDVY peptide from the gold surface, resulting in an insufficient number of REDVY peptides available on the gold square to bind a cell; (2) the detachment of the cell-REDVY conjugates from the gold square after the cell bound to the REDVY peptides. Low cell spreading on the REDVY-modified surface can also be attributed to the physical binding of REDVY molecules. Cell spreading or migration requires the dynamic formation and dispersal of cell contacts with the extracellular matrix. For receptor-mediated cell adhesion, cell spreading on a surface is driven by the traction force set by adhesive molecules peripheral to the initial focal contacts between the cell and surface. 20 As cell spreading proceeds, which continually stretches the cell and increases force, greater force is required to cause increased cell spreading. A straightforward explanation is that the physically adsorbed REDVY molecules are unlikely to sustain such traction; instead, they are prone to be detached from the surface by the contractile force of the cell, resulting in the detachment of the REDVY molecules from the surface. Although the physically adsorbed REDVY peptides do not form robust binding with the underlying SAM, they do provide more effective and uniformly distributed binding sites than fibronectin due to their small molecular size. Thus, the majority of REDVY molecules on the gold square would participate in binding of the cell if they are not detached from the surface. Thus, after a cell has been bound, there would be too few binding domains left for binding of a second cell.
On the surface modified with short KREDVY peptide, highly specific single-cell adhesion and higher cell coverage were observed (Figure 2c ). This surface has the most uniform and robust cell binding sites (Figure 1c) as a result of the covalent binding of KREDVY molecules on the surface. In addition to having all of the advantageous properties of the REDVY-modified surface for cell binding, the covalently bound KREDVY is less susceptible to detachment. The fully spread cell morphology (Figure 2c ) also suggests that most of the available binding domains on the gold square have participated in the cell binding and that the covalently bound KREDVY peptide provides sufficient traction force for cell spreading. Thus, once a cell is bound to the gold square, there would remain insufficient free space or binding domains for adhesion of a second cell. Small peptides have additional advantages over proteins in that they are less susceptible to cellular proteolysis and thermal degradation, and thus most of their active domains are available for cell adhesion. 29 The cell adhesion models shown in Figure 1 and the discussion above were further validated by cell stain assays. Cells adhered on the substrates were fixed, permeabilized, and stained with DAPI (blue), immunostain containing anti vinculin-FITC (green), Alexa Fluor 594 phalloidin dye (red) to reveal the distributions of nuclei, cell-surface focal contacts, and cellular actin filaments, respectively. Figure 3 shows the fluorescence images of cells adhered on the gold squares coated with fibronectin (a), REDVY (b), and KREDVY (c). Panel 1 (top) is the overlay of images of panel 2 (cell nuclei), panel 3 (focal contacts), and panel 4 (actin filaments). Cells on the three surfaces generated different morphological, cytoskeletal, and adhesion signals. The nucleus images in panel 2 show that two cells were attached on the gold square coated with fibronectin (a) and single cells on both REDVY and KREDVY modified surfaces (b and c). A close look at panel 3 reveals that two cells on the fibronectin modified surface (a) formed fewer focal contacts (per cell) with the substrate than did cells on the KREDVY modified surfaces (c), even though many cell binding sequences (hence cell adhesion domains) are available in fibronectin molecules. This supports the viewpoint noted above that only a portion of the available binding sequences in fibronectin participated in binding of a specific cell. The availability of cell binding domains, plus partial coverage of the gold square by a first-arrival cell, allows for the adherence of a second cell via a different type and/or orientation of binding domains. Spreading of the cells on the fibronectin-modified surface, as shown by the actin filaments (panel 4a), extended beyond the gold square boundary.
The cell on the REDVY modified surface has fewer focal contacts with the substrate than the cell on the surface with KREDVY, because the physically adsorbed peptide is prone to detachment from the surface. The cell is not fully spread to cover the entire gold square for the same reason as identified by its actin filament image shown in Panel 4b. The cell on the KREDVY modified surface formed the most dense and uniform focal contacts with the substrate, and the short peptide molecules confined the cell spreading to the gold square, as shown in the cell filament image (panel 4c), leaving no additional cell binding domains or space for adhesion of a second cell. The dense KREDVY peptide molecules also facilitate preferential attachment of actin filaments terminated at the square edges and vinculin proteins concentrated on the domains around cell nucleus and the edges of the square, resulting in a fully spread cellular morphology, a phenomenon also observed in other studies. 30, 31 Quantification of Cell Coverage and Single Cell Adhesion. Although covalently bound KREDVY peptides considerably increased the probability of single cell adhesion as compared to protein-mediated cell adhesion, multiple cells were still seen to adhere to individual gold squares on a small number of them. Thus, quantification of single cell coverage is necessary for understanding the capability of this peptide-mediated cell adhesion process. HUVEC cells were cultured on fibronectin and peptide modified substrates in standard culture media for 18 h and stained with DAPI for cell nuclei to emit blue fluorescence. Fluorescence microscopy was used to identify single or multiple cells on gold squares. Cell coverage and single cell population for each type of surface were quantified from 378 gold squares (3 samples × 2 regions of interest with 63 squares per region). Cell coverage was calculated from the ratio of gold squares covered with cells to the total number of the squares in the region of interest, and a single cell ratio was obtained by dividing the number of gold squares covered with single cells to the total number of gold squares covered with cells (single or multiple). Exemplary images of adhered cells on three model surfaces are shown in Figure 4 , and quantification results are shown in Table 1 . As expected, the fibronectin and KREDVY modified surfaces have higher cell coverage than the REDVY modified surface due to the larger number of binding domains available on the former two surfaces than on the latter. Both peptide-modified surfaces have much higher single cell ratios than the fibronectin-modified surface. Clearly, the KREDVY-modified surfaces is the best candidate for single cell patterning in light of both cell coverage and single cell ratio. As a side note, for electrical recording, it is easy to distinguish between single and multiple cells, allowing either type of sites to be observed selectively.
Cellular Viability on Patterned Surfaces: Apoptosis and Necrosis. Retaining cell viability after cell adhesion is essential for cell biology studies and biomedical applications such as cellbased sensors and drug screening microarrays. The viability of cells patterned on the three model surfaces were studied with an apoptosis assay noted in the Experimental Section. Figure 5 shows fluorescence images of HUVEC cells on gold patterns immobilized with (a) fibronectin, (b) REDVY peptide, and (c) KREDVY peptide after 7 days of cell adhesion. Cells on the gold pattern coated with fibronectin appeared apoptotic and necrotic (top panel). This might be caused by the competitive adhesion of multiple cells on a limited surface area of the gold squares, hindering individual cell growth and survival. This result suggests that large molecule proteins such as fibronectin can result in unpredictable behavior of adhered cells. Since the conformation of fibronectin protein on the gold surface varies from site to site, the degree of interactions of HUVEC cells with the binding peptides of the protein and the number of cells attached on each site can differ from pattern to pattern.
No cell necrosis was observed on REDVY and KREDVYmodified surfaces after 7 days of cell adhesion. However, cells adhered on the physically adsorbed peptide (REDVY) became apoptotic at day 7. This might be attributable to the detachment of REDVY peptides from the gold surface over time, particularly when the cell culture medium was replenished, which started apoptosis. A similar observation has been reported for anchoragedependent endothelial cells that undergo apoptosis when detached from extracellular matrix substrates. 32 Cells adhered on the gold pattern modified with KREDVY remained viable throughout 7 days (i.e., no fluorescence signals), indicating that the covalently bound KREDVY peptide not only facilitates single-cell adhesion through peptide mediated adhesion but also supports prolonged cell attachment and viability.
In a study to identify the critical parameter for endothelial cells to switch between growth and apoptosis, it was found that that a decrease in cell adhesion area would deleteriously restrict cell spreading and that a 20 µm square island coated with fibronectin would lead to cell death. 19 In the present study, a similar conclusion was reached in that endothelial cells on 20 µm squares coated with fibronectin underwent apoptosis ( Figure  5a ). However, this study further revealed that the surfaces covalently bound with short peptide molecules on 20 µm squares can promote cell spreading and suppress the apoptosis. This observation suggests that not only the cell adhesion area but also the surface chemistry plays an important role in cellular viability, and a surface bound with adhesive short peptides may help retain cellular viability for a prolonged time. Indeed, the type of the ECM has been found to strongly influence the apoptosis, 33 and a recent study showed that cell spreading and attachment are dictated by the balance of the availability of potential adhesion domains and cellular traction forces. 20 The cell biology involved in the enhancement of the cellular viability by short peptides needs further investigation to reveal more in-depth underlying mechanisms, which is beyond the scope of the current study.
Conclusions
We have developed a simple surface modification strategy to fabricate microarrays of single endothelial cells on gold patterned silicon oxide substrates using a short peptide as a mediator. By comparing cellular adhesion behavior and viability on three model surfaces of different chemistries and cellular binding characteristics, we found that covalently attached KREDVY peptides help cell spreading, increase cell viability, and help localize single cells to 20 µm × 20 µum islands. The performance of covalently bound KREDVY is superior to that of physisorbed REDVY peptide or fibronectin. This study further showed that cell adhesion, spreading, apoptosis, and necrosis are influenced not only by the size of surface area that confines the cell but also by the surface chemistry. This finding is particularly interesting in fundamental biology and significant in engineering arrays of single cells. This cell patterning method is cost-effective, requires no device components for depositing proteins or cells, and thus reduces the possibility of protein denaturation and potential damage to cells. Importantly, the method is able to pattern a cell in an area as small as comparable to the cell size while retaining cell viability for prolonged time thus considerably increasing the probability of single cell adhesion, an attribute that has not been demonstrated in previous studies. Study of single cell behavior offers insights into the cell biology, and microarrays of single cells integrated with real-time data acquisition technology may potentially provide a platform for development of cell-based sensors and for fundamental studies of cell processes and mechanisms such as signaling pathways, mutation, gene transfection, and defense mechanism, on either an isolated single cell or statistical basis.
